Purpose The aims of this study were to assess the outcome of in vitro fertilization (IVF) in women with very low circulating anti-müllerian hormone (AMH) and to investigate factors affecting their probability of pregnancy. Methods The outcome of 448 IVF cycles in 361 women with circulating AMH <0.5 ng/ml was retrospectively analyzed. Results Cycle cancellation rate was 14.5 %; patients whose cycle was cancelled had significantly lower AMH than women who reached oocyte pickup (OPU). Among those who reached OPU, age significantly affected the success rate: despite comparable AMH levels, patients below 35 years obtained significantly more oocytes and a better clinical pregnancy rate (CPR)/OPU than patients aged 35-39 or 40-43 (31 % vs. 23.2 % vs. 10.2 %, respectively; p = 0.001). Differently, comparable IVF results were observed stratifying patients for AMH levels in the range 0.14-0.49 ng/ml. Multivariable logistic regression analysis confirmed that the probability of pregnancy was significantly affected by age, but not by small differences in AMH level. Conclusions Women with very low (<0.5 ng/ml) AMH levels undergoing IVF still have reasonable chances of achieving a pregnancy, but their prognosis is significantly affected by chronological age. Very low AMH levels are associated with a relevant risk of cycle cancellation but should not be considered a reason to exclude a couple from IVF.
Introduction
Ovarian aging is the result of the continuous decline in the extent and quality of the follicular ovarian reserve (OR) [1, 2] , which may vary substantially among women of the same age [3] . Anti-müllerian hormone (AMH) is an established marker of OR and is considered the most reliable predictor of ovarian responsiveness to controlled ovarian stimulation (COS) [4] . A circulating AMH level of 0.7 ng/ml has been claimed to be the threshold value for poor ovarian responsiveness to COS [5, 6] , whereas levels below 0.1-0.35 ng/ml have been associated with a high risk of cycle cancellation due to extremely poor response [7, 8] .
In spite of the clear correlation between serum AMH concentration and ovarian response to COS, the role of AMH as a tool to predict IVF outcome in clinical settings is a matter of current debate. Women with serum AMH below the 10th percentile of the general population have been reported to have an overall low global chance of achieving a viable pregnancy [9] , and some authors suggested 0.15-0.2 ng/ml as the AMH cutoff value below which a clinical pregnancy may rarely be obtained after in vitro fertilization (IVF) [10, 11] . Differently, other studies described ongoing pregnancies after IVF even in patients with low [12, 13] or extremely low AMH levels (<0.1 ng/ml) [14] , also including patients older than 40 [15] . Obviously, these somehow conflicting results make it Capsule: Women with very low (<0.5 ng/ml) AMH levels undergoing IVF have an increased risk of cycle cancellation, and their prognosis is significantly affected by chronological age.
* Alberto Revelli aerre99@yahoo.com difficult to consider circulating AMH as the sole discriminant between women who should be offered IVF treatment and those who should be discouraged. The aim of the present study was to assess (a) which is the probability of pregnancy of women with very low AMH concentrations (≤0.5 ng/ml) undergoing IVF and (b) which factors other than AMH may affect the possibility of conception in these women.
Materials and methods

Patients
All patients undergoing IVF at the Physiopathology of Reproduction and IVF Unit of S. Anna Hospital between March 2010 and March 2014 were retrospectively studied.
All women were below 43 years of age, because this was (and still is) the age limit to be admitted to IVF program at our institution. Overall, 2214 women underwent AMH measurement in our lab before scheduling COS, and 361 of them were found to have serum AMH <0.5 ng/ml and were enrolled in the study. This AMH level was chosen as the threshold value to be included in the study as it represented the 10th percentile value of the AMH concentration distribution in that large series of patients. Some of the enrolled women underwent more than one IVF cycle; thus, in total, 448 IVF cycles performed in 361 women were included in the analysis.
IVF procedure
Either the Blong^gonadotropin-releasing hormone (GnRH)-agonist protocol or the Bshort^GnRH-antagonist regimen was used. The COS protocol (long or short) was decided by doctors scheduling the IVF treatment according to a real-life approach, without any specific criteria to use one or the other in each given case.
In the long protocol, pituitary suppression was obtained by administering 600 μg intranasal buserelin (Suprefact, Hoechst, Germany) starting in the mid-luteal phase of the incoming cycle and then reducing the dose to half after 14 days, at the beginning of gonadotropin administration. In the short protocol, a GnRH antagonist (Cetrotide, MerckSerono, Germany, or Orgalutran, MSD, Germany) was given subcutaneously from stimulation day 7 (fixed regimen) at a daily dose of 0.25 mg. Either recombinant FSH (rFSH; Gonal-F, Merck-Serono, Germany, or Puregon, MSD, Germany) or the association of rFSH plus recombinant LH in a 2:1 ratio (rFSH + rLH; Pergoveris, Merck-Serono, Germany) or human menopausal gonadotropin (hMG; Meropur, Ferring, Germany) was administered to stimulate the ovary. The starting daily dose of gonadotropins was 300 IU, as established by our guidelines for women with very low AMH, but it was adjusted according to the individual response from stimulation day 6 to 7, reaching a maximum of 450 IU/ die. The ovarian response to COS was monitored by transvaginal US and serum estradiol (E 2 ) measurement every second day from stimulation day 6 to 7. Ovulation was triggered by a single injection of 10,000 IU subcutaneous hCG (Gonasi HP, Ibsa, Switzerland) when the leading follicle reached 18-20 mm diameter and estradiol concentrations were appropriate.
Oocyte pickup (OPU) was performed by transvaginal USguided aspiration approximately 36 h after hCG injection, under local anesthesia (paracervical block). Mature, metaphase II (MII) oocytes were retrieved from the cumulusoocyte complexes (COCs) and later inseminated using IVF or ICSI, according to clinical indication.
After 48 h of in vitro culture, one to two embryos were transferred in utero using a soft catheter (Sydney, Cook, Australia) under US guidance. No more than two embryos were transferred regardless of patient's age, clinical history, and ovarian responsiveness; according to this policy, if more than two embryos with high morphological score were obtained, they were frozen and kept in liquid nitrogen until further use. A single embryo transfer was performed when only one embryo was available.
Intravaginal progesterone (Crinone 8, Merck-Serono, Germany, 180 mg/day) was used to support the luteal phase, starting the day of embryo transfer (ET) and keeping on for 15 days. Pregnancy was assessed by serum hCG measurement 14-15 days after ET and was then confirmed when at least one gestational sac was visualized at transvaginal US after two further weeks. Pregnant patients were further followed up by transvaginal US at 10 weeks of gestational age in order to make sure that pregnancy was going on.
Measurements
AMH was measured in the endocrinology lab of our hospital using two commercially available enzyme immunoassay kits (Immunotech® and AMH Gen II ELISA®, Beckman Coulter, Galway, UK) following the manufacturer's instructions. The lowest detection limit of this assays is 0.14 and 0.08 ng/ml, and the maximal coefficients of variation are 12.3 and 7.7 %, respectively. The first kit was used in 2010 and first half of 2011, and the second was used later. All cases in this study were analyzed together without distinction according to the AMH assay kit because when the two kits were tested on the same samples, the consistency of results was very high (95 %).
FSH was measured in the same lab using the commercially available kit Cobas-e-601® (Roche Diagnostics, Mannheim, Germany), having a detection range 0.1-200 IU/l and coefficients of variation 3.6 and 4.5 %, respectively.
Besides AMH, the following variables were registered for each patient at every IVF cycle: age, body mass index (BMI; kg/m 2 ), circulating basal (day 3) FSH, antral follicle count (AFC), type of COS protocol, type and total dose of administered gonadotropins, number of retrieved COCs, number of MII oocytes, number of fertilized oocytes, number of embryos available for transfer/freezing, embryo morphological score according to Holte et al. [16] , and proportion of top-quality embryos (score ≥ 8 out of 10).
Clinical pregnancy was defined as the presence of one to two intrauterine gestational sacs at the first US examination, whereas ongoing pregnancy was defined as the presence of one to two viable embryos at 10 weeks of gestational age. The clinical pregnancy rate (CPR) per started cycle, per OPU, and per ET; the implantation rate (IR); the abortion rate (AR); and the ongoing pregnancy rate (OPR) per ET were calculated.
Statistical analysis
For continuous variables, the normality of distribution with or without log transformation was assessed using the ShapiroWilk test. Data were expressed as mean ± SD or percentages. Qualitative data were analyzed using the chi-square test or Fisher's exact test. The significance of between-group differences was assessed using ANOVA or Kruskal-Wallis rank tests, as appropriate. Bonferroni adjustment for multiple comparisons was used when indicated.
A multivariable logistic regression model was used to assess the likelihood of becoming pregnant using age (<35, 35-39, and 40-43 years), circulating AMH levels (<0.14, 0.14-0.19, 0.2-0.29, 0.3-0.39, and 0.4-0.49 ng/ml), and AFC as covariates. All tests were two-tailed with a significance threshold set at p < 0.05.
Results
Overall, 361 women undergoing 448 IVF cycles were analyzed. Their mean age was 38.1 ± 3.4 years; their mean AMH and basal FSH serum levels were 0.2 ± 0.1 ng/ml and 10.9 ± 4.6 IU/l, respectively; and their mean AFC was 6.2 ± 3.2. These parameters identified patients as women with a reduced ovarian reserve, and therefore, they were considered expected suboptimal or poor responders to COS.
Sixty-five cycles (14.5 %) in 33 patients were cancelled due to extremely poor ovarian response (no follicle reaching 15 mm mean diameter after at least 18 days of ovarian stimulation), whereas 383 cycles in 328 patients reached OPU. Patients whose cycle was cancelled had comparable age, but significantly lower AMH and AFC, and conversely higher basal FSH concentrations, than women who reached OPU (Table 1) . Furthermore, patients with cancelled cycles showed a higher prevalence of ovarian endometriosis (in situ endometrioma <4 cm diameter or history of ovarian surgery to remove an endometrioma) than women reaching OPU (Table 1) .
When OPU was performed (383 cycles), immature oocytes only were recovered in 37 cycles (9.7 %), whereas in the other 346 cycles, at least one mature (MII) egg was retrieved and inseminated. Total fertilization and/or cleavage failure occurred in 49 cycles, whereas in 297 cycles, at least one viable, transferable embryo was eventually obtained and transferred in uteri.
Overall, a clinical pregnancy was obtained in 75 IVF cycles (performed in 75 patients), whereas no pregnancy occurred in 308 cycles (performed in 235 patients) out of 383 cycles arrived at OPU. Therefore, the overall CPRs were 25.2 % per ET, 19.6 % per OPU, and 16.7 % per started cycle, and the implantation rate was 17.1 %; the abortion rate was 33.3 % (25/75), leading to a 10-week OPR/ET of 16.8 %.
Comparing patients who conceived to those who did not, the first were significantly younger and had a significantly higher AFC than those who did not; however, the two groups had comparable serum basal FSH and AMH ( Table 2 ). The presence of a small endometrioma or a history of previous ovarian surgery did not affect pregnancy chance. Similarly, no differences were observed either in the proportion of concomitant co-factors of infertility or in the type of COS protocol and administered gonadotropins (Table 2) . Overall, the average number of retrieved COCs and of mature oocytes was low, as expected in patients with very low AMH levels; however, women who conceived had significantly higher oocyte yield, fertilization rate, and embryo availability than those who did not (Table 2) .
When data of women who underwent OPU were stratified according to chronological age, patients below 35 years displayed a significantly higher oocyte yield and a remarkable CPR/OPU (31 %) despite their low AMH level; conversely, the oldest patients (40-43) showed a significantly lower CPR/OPU (10.2 %) and those between 35 and 39 years obtained intermediate results (CPR/OPU = 23.2 %) ( Table 3) .
Stratifying patients according to small increments of circulating AMH (Table 4) , a better outcome was observed at the extreme values (CPR/ET = 32.1 % with AMH between 0.4 and 0.49 ng/ml vs. 17.4 % with AMH < 0.14 ng/ml), but the overall trend was not significant (p = 0.8 for OPR/ET, p = 0.57 for CPR/OPU, and p = 0.15 for CPR/started cycle) and very similar results were observed for AMH levels between 0.14 and 0.39 ng/ml ( Table 4) .
The multivariable logistic regression analysis confirmed that the likelihood of becoming pregnant was significantly affected by chronological age: patients aged 40-43 years were significantly less likely to get pregnant than patients below 35 (OR 0.29; 95 % CI 0.13-0.65), whereas AFC and circulating AMH (although a subtle, positive trend with increasing levels between 0.14 and 0.49 was observed) did not significantly affect the probability to conceive (Table 5 ).
Discussion
In the last years, a number of variables, either alone or in combination, have been used to develop prediction models of IVF outcome, so far with limited success [17, 18] . AMH is an established marker of OR, and previous work showed its value in predicting the ovarian response to COS [5, 19] . More recently, the accuracy of AMH in predicting live birth was tested by independent groups: some data showed that AMH could be used as a prognostic factor [20] [21] [22] , but its predictive value at low or very low concentrations was not clearly clarified. In fact, some authors reported acceptable results in terms of clinical pregnancies even in patients with very low AMH levels (0.1-0.35) whereas others suggested their exclusion from IVF treatment due to a very poor prognosis [12, 13] . Herein, we studied 361 IVF patients with circulating AMH in the very low range (<0.5 ng/ml, a threshold that represents the 10th percentile in our IVF population) with the aim of assessing their probability of obtaining a clinical pregnancy and which variable(s) could significantly affect IVF outcome. In this population with poor prognosis, we observed 75 clinical pregnancies (leading to 16.7 % CPR/started cycle, 19.6 % CPR/OPU, and 25.3 % CPR/ET, respectively), with 50 ongoing pregnancies at 10 weeks of gestational age (leading to an OPR/ET of 16.8 %); the results suggest that a successful IVF is not very unlikely despite very low levels of serum AMH. Indeed, moderate but still reasonable pregnancy and live birth rates were reported in a series of 128 patients with AMH levels <0.4 ng/ml [13] , whereas a pregnancy rate of 7.4 % per started cycle was reported in another series of 188 IVF cycles performed in 101 women with the same very low AMH levels [23] . In the largest study published so far, appreciable cumulative pregnancy rates were observed also in women with AMH concentrations between 0.02 and 0.2 ng/ml [24] .
In the present study, patients who underwent cycle cancellation due to extremely poor ovarian response had significantly lower levels of AMH, lower AFC, and higher basal FSH than women who completed the cycle. Noticeably, women who underwent cycle cancellation showed a significantly increased prevalence of ovarian endometriosis or of previous surgery due to ovarian endometriosis, an observation that The lowest detection limit of the AMH assay was 0.14 ng/ml. No significant difference among the five subgroups was observed (p = 0.328, p = 0.227, and p = 0.416 for CPR/ET, CPR/OPU, and CPR/started cycle, respectively) The analysis shows that the likelihood of becoming pregnant was significantly affected by age: patients aged 40-43 were significantly less likely to get pregnant (odd ratio 0.29 vs. patients aged <35 who were considered as reference with OR = 1; p = 0.003). Differently, AFC and AMH did not significantly affect the probability to conceive suggests that women complaining of ovarian endometriosis might represent a specific subgroup of patients, within those with very low AMH, at a particularly increased risk of impaired ovarian response. However, once OPU was reached, the variable endometriosis lost its impact on outcome, as no difference was detected in the prevalence of endometriosis (either current or previous disease) between patients who conceived and those who did not. These data confirm the results of a recent study in which live birth was the end point [23] , and support the notion that, at least in the subgroup of women with very low AMH, the presence/story of ovarian endometriosis affects the quantitative response to stimulation, but not the competence of the oocytes and of the derived embryos. Interestingly, in the present study, women who conceived had AMH levels comparable to those who did not; moreover, we could not observe a significant increase in the probability of pregnancy in parallel with the increase of serum AMH from <0.14 to 0.49 ng/ml. Taken together, these findings support the idea that at the lower extreme of ovarian reserve, where a larger proportion of aneuploid oocytes would be expected [25] , AMH could be simply a quantitative index of ovarian responsiveness, but not a reliable marker of oocyte competence to pregnancy.
In our study, age and AFC were the only clinical parameters that were significantly different between the group of patients who conceived and those who did not. However, in the logistic regression analysis, AFC lost significance, leaving age as the only variable significantly related to IVF success. Indeed, women younger than 35 obtained a remarkable CPR/ ET of 31 % and a significant trend toward a decreased success rate with increasing age was observed, despite all patients had similar, very low AMH levels. On the contrary, in the present study, no significant trend toward improving IVF outcome was observed with increasing AMH concentration. Results similar to ours were reported in another study, in which women aged <34 years having serum AMH ≤0.29 ng/ml obtained pregnancy and live birth rates comparable to those with higher AMH levels [26] . Also, a large prospective study on 769 IVF cycles reported that AMH in its lower range (0.2-1 ng/ml) was a reliable quantitative marker of the ovarian follicular pool, but performed poorly as a predictor of pregnancy [24] . Of note, no pregnancy was obtained in women above 42 years, suggesting that age, rather than AMH, is the main factor to be considered when dealing with patients with AMH in such a low range [24] .
Taken together, these observations suggest that patients of relatively young age with a deeply reduced ovarian reserve may still have a favorable IVF outcome due to a wellpreserved oocyte competence. This view is further supported by a recent meta-analysis that found that female age is the most important predictor of pregnancy in IVF in almost all the analyzed studies [27] .
The interaction between age, AMH, and IVF success, however, is still a matter of debate. Some studies, in fact, showed a correlation between AMH and live birth rate after IVF, depending solely on oocyte yield [6, 28, 29] , whereas a recent study suggested that AMH is an independent marker of pregnancy and live births after adjustment for female age and oocyte yield [30] . These somehow conflicting evidences could depend on the complexity of the interaction between age and AMH: age could affect mainly the proportion of follicles switching from the primordial to the recruitable pool, whereas AMH per se could mainly reflect the number of FSHsensitive, recruitable follicles [9] . It was recently suggested that the intraovarian inhibiting effect of AMH on follicle recruitment could be modulated according to the patients' age [31] . In this complex picture, the positive association between IVF success and ovarian reserve as measured by serum AMH could have variable strength according to the patient's chronological age.
From a clinical standpoint, the most important finding of the present study is that young patients with very low AMH levels still have reasonable chances of achieving a pregnancy with IVF and they should be reassured about their reproductive prognosis. Furthermore, similar to others [29, 32] , we could not identify a threshold AMH value below in which no pregnancy is likely to occur and IVF should be discouraged. Although with a significantly lower rate, we obtained clinical and ongoing pregnancies even in older patients with very low AMH levels.
Overall, our results suggest that the clinical rationale for measuring AMH prior to IVF should be limited to the prediction of ovarian response to COS and of the risk of cycle cancellation, particularly in women of more advanced reproductive age and in those with ovarian endometriosis. In view of our findings, pre-IVF AMH assessment cannot be used to exclude a couple from IVF.
